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First  results  on  InGaAsP  separate  confinement 
heterostructure  diode  lasers 

Center  for  Quantum  Devices,  Department  of  Electrical  Engineering  and 
Computer  Science,  Northwestern  University,  Evanston,  Illinois  60208 


Abstract 

The  first  attempts  of  fabrication  of  InGaAsP/GaAs  SCH-QW  laser 
structures  allowed  to  obtain  laser  diodes  with  threshold  current  densities 
as  low  as  470A/cm2  and  differential  efficiencies  as  high  as  0.7W/A. 
Long-cavity  (L~1mm)  laser  diodes  have  low  series  resistances  of  0.1- 
0.40.  These  diodes  are  suitable  for  testing  of  the  properties  of  the  Al- 
free  material  in  continuous  wave  regime.  At  the  same  time,  it  is  evident, 
that  further  optimization  of  structure  parameters  is  necessary  to  reach 
the  ultimate  performance  expected  for  InGaAsP  SCH  QW  lasers. 


Structures  and  Laser  Diode  Fabrication 

Our  previous  report  described  the  fabrication  and  measurements  of 
InGaAsP/GaAs  Double  Heterostructure  (DH)  laser  diodes  prepared  by 
MOCVD.  This  report  deals  with  the  first  results  received  with  more 
complex  Separate  Confinement  Heterostructure  (SCH)  InGaAsP/GaAs  laser 
diodes  grown  by  the  same  method  as  the  DH  diode  lasers.  Figure  1  shows 
band  diagrams  of  a  DH  and  a  SCH  structures.  In  the  case  of  SCH  structure 
there  are  additional  waveguide  layers  between  InGaP  claddmg  layers, 
while  active  region  thickness  (Lz)  is  much  smaller  than  in  the  case  of  DH 
diodes.  The  waveguide  layers  provide  a  better  confinement  for  lasing 
mode,  increasing  its  overlap  with  the  thin  active  region  and  thus  reducing 
the  threshold  current  (Ith)-  Waveguide  material  was  not  doped 
intentionally  in  order  to  diminish  internal  losses  and  increase  differential 
efficiency  (nd)  of  laser  diodes.  Bandgap  for  InGaAsP  compound  used  as  a 
material  for  waveguide  layer  varied  from  1.6  to  1.7eV  . 

Table  1  shows  that  for  wafers  #66  and  #76  (SCH  wafers)  values  of  Lz 
were  approximately  two  times  higher  than  for  other  wafers  and  quantum 


size  effect  is  negligible  in  this  case.  .  Quantum  size  effects  should  take 
place  in  the  case  of  SCH-SQW  wafers  (#71  and  #79)  as  well  as  for  double 
quantum  well  (SCH-DQW)  wafer  #77  whose  active  region  consists  of  two 
quantum  wells  separated  by  a  lOOA-thick  barrier  of  the  same  composition 
as  the  waveguide  layers.  The  waveguide  layers  and  active  region  of  all  the 
structures  were  undoped  with  background  impurity  concentration  less 
than  lO'^  ^  cm’  3.  Cladding  and  contact  layer  had  the  same  doping  levels  as 
in  the  case  of  DH  structures.  A  lOOpm-wide  stripe  laser  diodes  for  pulse 
testing  were  fabricated  by  the  same  method  as  in  the  case  of  DH  diodes 
(see  the  previous  report). 

An  additional  solid  gold  metallization  was  deposited  on  a  part  of  the 
wafers  #66  and  #71  in  order  to  bond  them  p-side  down  on  copper 
heatsinks  and  test  the  diodes  in  continuous  wave  (CW)  operation.  The 
diodes  were  indium-bonded  to  copper  heatsinks  with  the  In  layer 
thickness  of  Spm.  in  order  to  make  this  possible,  a  special  bonding 
machine  had  been  designed  and  manufactured,  optimum  temporal  and 
thermal  regimes  of  bonding  were  determined  experimentally.  Testing  of 
the  bonding  strength  confirmed  its  high  quality:  an  attempt  to  shift  a 
bonded  diode  resulted  in  its  cracking  rather  than  displacement. 

Current-voltage  characteristics 

Curves  1  and  2  in  Figure  2  show  l-V  characteristics  for  two  diodes 
with  L~1mm  bonded  n-substrate  down  on  the  heatsinks  and  measured 
under  continuous  current.  As  can  be  seen  from  the  figure,  series 
resistance  for  these  diodes  is  0.3-0.4  Ohms.  The  minimum  resistance  of 
0.12  Ohms  was  obtained  for  one  of  long-cavity  diodes  of  wafer  #79, 
bonded  p-side  down  (curve  3).  A  comparison  of  the  curves  2  and  3  related 
to  the  same  wafer  #79  gives  a  possibility  to  suppose  that  in  the  case  of 
n-side  down  bonding  there  is  an  additional  component  of  the  resistance 
connected  with  the  sheet  resistance  of  lOOpm-wide  stripe  contact.  The 
resistance  of  n-side  down  bonded  diodes  may  probably  be  further  reduced 
by  increasing  the  number  of  contact  wires  (currently,  two  wires  were 
used  for  the  diodes  charaterized).  However,  the  resistance  obtained  is 
already  low  enough  to  ensure  continuous  wave  operation  with  high  power 
conversion  efficiency  at  the  currents  two-three  times  higher  than 
threshold. 


Threshold  current  density,  differential  efficiency  and  light- 
current  characteristics  of  unbonded  diodes 

Table  2  summarizes  parameters  obtained  for  bonded  and  unbonded 
diodes  with  cavity  lengths  L  varying  from  0.3  to  1.4mm  fabricated  of  the 
wafers  studied.  Accordingly  to  their  cavity  lengths,  tested  diodes  were 
divided  into  three  groups:  first,  short-cavity  (SC)  with  L<0.4mm:  medium- 
cavity  (MC)  with  L=0.5-0.7mm;  and  long-cavity  (LC)  with  L>1mm.  For 
every  cavity  lengths  not  less  than  three  chips  were  measured  and  averaged 
data  are  presented  in  the  Table.  Three  main  conclusions  may  be  derived 
from  the  data  of  Table  2. 

1)  The  fabrication  of  SCH-structures  has  led  to  a  considerable 
improvement  of  the  laser  diode  parameters  in  comparison  with  DH  diodes: 
minimum  value  of  Ith  decreased  from  O.TkA/cm^  for  the  best  DH  lasers  to 
0.47kA/cm2  for  SCH-SQW  diode  #79  (LC).  Differential  efficiency 
increased  from  0.3W/A  for  DH  up  to  0.6-0. 7W/A  (wafers  #66  and  #79).  Of 
special  interest  is  the  observation  of  Tid=0.5W/A  for  very  long  cavity 
(L=1.37mm)  laser  diode  of  wafer  #79.  This  result  implies  that  internal 
losses  for  this  wafer  do  not  exceed  10-12cm~  1. 

2)  After  the  bonding,  parameters  of  LC  diodes  happened  to  be  much  better 
than  for  unbonded  diods  of  the  same  wavelength  because  of  a  more  uniform 
current  density  distribution  along  the  stripe  for  bonded  diodes. 

3)  The  parameters  of  LC  diodes  of  wafer  #66  and  #79  are  high  enough  to 
provide  continuous  wave  operation  of  laser  diodes  with  considerable 
output  power. 

Pulse  light-current  characteristics  for  two  unbonded  diodes  of  wafers 
#66  and  #79  of  medium  cavity  length  are  given  in  Figure  3.  Both  curves 
demonstrate  maximum  output  power  higher  than  1.2W  per  facet  and  values 
of  nd>0-5W/A  per  both  facets  (1.3W  and  0.6W/A  for  #79).  A  good 
reproducibility  of  laser  diode  parameters  across  the  structure  is  evident 
from  Figure  4,  where  a  result  of  testing  of  10  chips  of  wafer  #66  is  given. 


Spectral  measurements 


Spectral  positions  of  spontaneous  emission  bands  and  their  half¬ 
widths  as  well  as  positions  of  lasing  peaks  for  the  studied  laser  diodes 


are  given  in  Table  3.  The  first  two  rows  of  Table  3  referring  to  the 
positions  and  half-widths  of  spontaneous  emission  bands  were  obtained 
for  radiation  coupled  out  of  one  of  the  mirrors  of  the  diodes.  The  data  in 

the  next  two  rows  are  related  to  the  radiation  coupled  out  in  the  direction 

perpendicular  to  the  junction  plane.  In  case  of  the  radiation  coupled  out  of 
the  mirror  band  maximum  position  is  shifted  to  longer  wavelengths  and 
its  width  is  reduced  due  to  self-absorption  of  short-wavelength  part  of 
radiation.  The  value  of  wavelengths  obtained  for  perpendicular 

registration  should  reflect  the  bandgap  of  active  region.  Figure  5  shows 
that  in  this  case  the  electroluminescence  band  position  and  shape  are  very 
close  to  the  photoluminescence  data  for  the  same  samples.  Analysing  the 
band  spectral  position  for  diodes  of  different  wafers  we  can  suppose  that 
the  data  for  diodes  of  wafer  #76  correspond  to  the  3-dimensional  bandgap 
of  active  region  material.  Short  wavelength  shift  of  100-150A  to  the 
energies  of  1.56-1.58eV  for  diodes  of  wafers  #71  and  #77  seems  to  be 
explained  by  the  quantum-size  effects  in  their  thin  active  regions.  A 

reason  for  long-wavelength  shift  for  the  diodes  of  wafers  #66  and  #79  is 
not  clear  now. 

In  order  to  confirm  the  validity  of  the  choice  of  active  region  material 
composition  we  investigated  the  lasing  wavelength  of  unbonded  diodes  of 
wafer  #76  in  more  detail.  Figures  6  and  7  show  the  lasing  spectra  of  one 
of  these  diodes  with  cavity  length  1470Mm  at  23®C  and  31  "C. 

The  spectra  demonstrate  that  the  wavelength  which  corresponds  to  the 
efficient  absorption  in  Nd:YAG  can  be  achieved  with  the  chosen  active 

region  material  composition.  The  small  value  of  the  halfwidth  (AX<1nm) 
should  be  emphasized.  This  parameter  is  very  important  for  design  of 
diode-pumped  Nd:YAG  lasers,  especially  in  the  case  of  short  path 

absorption  systems 

For  comparison  the  spectrum  of  LPE-grown  SCH-SQW  InGaAsP  diode 

#1309A-8  with  approximately  the  same  cavity  length  and  wavelength  of 
emission  is  shown  in  Figure  8.  Notice  that  the  broader  spectra  with 
chaotic  distribution  of  separate  lines  are  typical  for  LPE  grown  lasers. 
The  half-width  of  total  envelope  for  LPE  grown  material  is  not  less  than 
2-3nm. 

The  exact  position  of  the  lasing  wavelength  is  not  only  dependent  on  the 
material  composition  of  the  active  region.  It  also  depends  on  active 

region  thickness  (If  active  region  thickness  is  less  than  200  A), 
temperature,  and  cavity  length.  The  dependence  of  lasing  wavelength  ori 
cavity  length  for  diodes  of  wafer  #76  is  plotted  in  Figure  9.  The  spectra 


discussed  previously  correspond  to  one  of  the  diodes  with  the  longest 
cavity  length  of  1470Mm.  The  decrease  of  the  cavity  length  to  SAOpm 
leads  to  a  wavelength  reduction  to  0.79pm.  This  is  due  to  a  decrease  in 
output  losses,  simultaneous  reduction  of  maximum  gain,  and  its  shift  to 
longer  wavelength. 

Figure  10  shows  the  temperature  dependence  of  lasing  spectra  maximum 
for  a  diode  with  the  longest  cavity  of  UTOpm.  The  slope  of  linear 
approximation  of  these  data  is  0.2nm  per  degree,  that  is  typical  for 
AIGaAs  lasers  emitting  at  the  same  wavelength.  Considering  the  results 
presented  in  these  figures  one  can  see  that  it  is  possible,  through 
application  of  high  reflectivity  coating  on  one  mirror  facet  of  diodes  with 
cavity  length  of  about  900pm,  to  achieve  laser  wavelength  of  808nm  at 
room  temperature  (23®C). 


Continuous  Wave  Operation 


As  it  is  well  known,  in  order  to  achieve  CW  operation  of  broad  stripe 
contact  laser  diodes  they  are  usually  bonded  epilayer-side  down  thus 
improving  heat  dissipation.  Earlier  in  this  report  we  mentioned  that 
additional  gold  layer  was  deposited  on  the  entire  p-side  surface  of  the 
wafers  #66  and  #71.  Figure  11  shows  schematically  the  metallization 
layers  applied.  According  to  our  preliminary  estimates,  gold  forms  a 
Schottky  barrier  with  moderately  doped  p-InGaP  outside  the  stripe  and 
cutoff  voltage  rises  by  0.7V  for  the  Schottky  barrier  area.  Taking  into 

account  the  data  on  series  resistance  of  those  diodes,  we  may  suppose 
that  a  considerable  current  leakage  through  Schottky  barrier  could  arise 
for  LC  diodes  only  at  driving  currents  exceeding  5A.  A  comparison  of 
threshold  current  for  diodes  of  wafer  #66  with  and  without  solid  gold 
metallization  showed  that  there  is  no  current  leakage  occurs  through  the 
Schottky  barrier.  Another  direct  confirmation  of  the  absence  of  leakage  is 
the  patterns  of  near  field  of  radiation  for  these  diodes  (see  Figure  12). 
Emitting  area  has  the  same  100pm  width  as  for  the  diodes  without  flat 

metallization.  Photo  in  Figure  12  shows  a  laser  diode  bonded  p-side  down 

as  described  earlier  in  this  report,  with  two  wires  connected  to  n- 

substrate. 

The  first  results  of  diode  testing  in  CW  regime  are  shown  in  Figures  13 
and  14a.  Figure  13  shows  CW  lasing  spectrum  consisting  of  several  well- 
resolved  longitudinal  modes,  obtained  for  a  diode  of  wafer  #66  (L=650pm) 
under  driving  current  just  above  the  threshold.  CW  light-current 


characteristic  for  this  diode  with  the  threshold  current  of  580mA  is 
presented  in  Figure  14a.  At  the  maximum  current  available  from  the  DC 
current  supply  used  (1A)  CW  output  power  was  about  lOOmW,  slope 
efficiency  was  0.5W/A  per  two  facets.  The  measurements  performed  in 
pulse  regime  for  the  same  diode  (Figure  14b),  showed  that  at  the  driving 
currents  exceeding  1A  the  slope  efficiency  increases  approaching  the 
value  of  0.7W/A.  Figure  15  shows  the  result  of  CW  lifetime  testing  and 
demonstrates  that  no  decrease  in  output  power  was  observed  after  20 
hours  of  testing  at  50mW  output  level  and  room  temperature  conditions. 
The  aging  test  was  terminated  in  order  to  carry  out  other  experiments  and 
will  be  continued  later. 

Figure  16  shows  the  result  of  testing  of  one  of  LC  diodes  of  wafer  #79 
(L=1.37mm)  in  quasi-CW  regime  (pulse  duration  Bps).  200mW  output 
power  per  facet  was  obtained  at  driving  current  1.8A. 


Conclusions 


1.  Threshold  current  density  and  differential  efficiency. 

The  switching  to  the  preparation  of  SCH  laser  diodes  enabled  us  to 
decrease  the  threshold  current  density  from  700  to  470A/cm2.  The  value 
of  threshold  current  of  about  SOOA/cm^  made  possible  the  achievement  of 
continuous  wave  operation  with  a  cosiderable  output  power  ,  but  this 

value  of  Ith  is  still  detrimental  to  power  conversion  efficiency  and  diode 
lifetime.  An  expected  value  of  Ith  for  SCH-SQW  lasers  is  3-4  times  lower 
and  additional  investigation  of  recombination  process  in  SCH  structures  is 
needed  to  discover  the  cause  of  the  increased  values  of  Ith  for  our 
structures. 

The  differential  efficiency  for  SCH  structures  is  twice  as  high  as  that  for 
DH  structures  studied  previously  but  still  is  almost  2  times  lower  than 

the  upper  limit  expected  for  this  type  of  structures.  An  objective  of  our 

investigation  now  is  to  find  out  the  specific  type  of  losses  (optical  or 

current)  leading  to  this  drawback. 

2.  Current-voltage  characteristics. 

The  results  presented  above  show  that  our  growth  and  post-growth 
technology  provide  the  series  resistance  small  enough  not  to  limit  the 
continuous  wave  output  power  and  power  conversion  efficiency. 

3.  Spectral  characteristics. 

The  given  data  argue  that  the  composition  of  the  quaternary  material  of 
the  active  region  is  well  fitted  to  pumping  Nd:YAQ  lasers.  The  uniformity 
of  active  region  material  is  high  enough  to  result  in  the  half-width  of 
spectrum  envelope  as  small  as  O.Snm  thus  providing  very  efficient 
absorption  of  diode  radiation  on  a  short  path.  Further  investigation  of  the 
dependence  of  half-width  on  output  power  will  be  performed  for  bonded 
diodes. 

4.  Continuous  wave  operation. 

During  the  next  phase  of  the  project,  the  heatsink  preparation  ana  die 
mounting  procedures  will  be  the  subject  of  special  attention  in  order  to 
eliminate  the  failures  caused  by  these  processes  and  ensure  a  possibility 
of  accelerated  testing  revealing  the  intrinsic  properties  of  laser 
structures. 


FIGURE  CAPTIONS 


Figure  1.  (a)  Band  diagram  of  a  double  heterostructure  laser,  (b)  Band 
diagram  of  a  separate  confinement  heterostructure  laser. 

Figure  2.  CW  current-voltage  characteristics  for  two  laser  diodes  bonded 
n-side  down  (curve  1  and  2)  and  for  a  diode  bonded  p-side  down  (curve  3). 

Figure  3.  Pulse  light-current  characteristics  for  diodes  of  wafers  #66 
and#79. 

Figure  4.  Pulse  light-current  characteristics  of  10  diodes  of  wafer  #66 
(L=710pm). 

Figure  5.  A  comparison  of  photoiuminescence  spectrum  of  wafer  #71 
(solid  line)  and  electroluminescence  spectra  of  a  diode  of  the  same  wafer. 
Dashed  and  broken  curves  refer  to  the  radiation  coupled  out  in  the 
direction  parallel  and  perpendicular  to  the  junction  plane,  respectively. 

Figure  6.  The  lasing  spectrum  for  a  diode  of  wafer  #79  with  cavity  length 
1.47mm  at  23*0. 

Figure  7.  The  lasing  spectrum  for  a  diode  of  wafer  #79  with  cavity  length 
1.47mm  at  31  *C. 

Figure  8.  The  lasing  spectrum  of  LPE-grown  diode  #1309A-8  with  cavity 
length  0.9mm  at  16®C. 

Figure  9.  Lasing  wavelength  dependence  on  cavity  length  for  diodes  of 
wafer  #76  at  23®C. 

Figure  10.  Temperature  dependence  of  the  lasing  wavelength  for  a  diode  of 
wafer  #76  with  cavity  length  1.47mm. 

Figure  11.  Scheme  of  metallization  for  the  diodes  with  solid  gold 
deposited  on  p-side. 

Figure  12.  Diode  bonded  p-side  down  and  the  distribution  of  spontaneous 
emission  intensity  along  the  mirror  facet.  An  unbonded  diode  is  also 
shown  p-side  up  to  demonstrate  the  stripe  width  in  this  scale. 

Figure  13.  CW  lasing  spectrum  for  a  diode  of  wafer  #66  just  above  the 
threshold. 


Figure  14.  (a)  CW  light-current  characteristic  for  a  diode  of  wafer  #66 
with  L=650Mm.  (b)  Pulse  light-current  characteristic  for  the  same  diode. 

Figure  15.  Preliminary  results  of  lifetime  testing  for  a  diode  of  wafer 
#66  under  driving  current  810mA  at  room  temperature  (output  power 
50mW). 

Figure  16.  Quasi-CW  light-current  characteristic  for  a  diode  of  wafer  #79 
with  L=1.37mm  (pulse  duration  8ps,  frequency  400Hz). 
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Figure  2.  CW  current-voltage  characteristics  for  two  laser  diodes  bonded 
n-side  down  (curve  1  and  2)  and  for  a  diode  bonded  p-side  down  (curve  3). 
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Figure  3.  Pulse  light-current  characteristics  for  diodes  of  wafers  #66 
and#79. 
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Figure  5.  A  comparison  of  photoluminescence  spectrum  of  wafer  #7i 
(solid  line)  and  electroluminescence  spectra  of  a  diode  of  the  same  wafer 
Dashed  and  broken  curves  refer  to  (ho  radiation  coupled  out  in  the 
direction  parallel  and  perpendicular  to  the  junction  plane,  respectively 


Figure  6.  The  lasing  spectrum  for  a  diode  of  wafer  #79  with  cavity  length 
1.47mm  at  23°C. 


Figure  8.  The  lasing  spectrum  of  LPE-grown  diode  #1309A-8  with  cavity 
length  0.9mm  at  16°C. 
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Figure  9.  Lasing  wavelength  dependence  on  cavity  length  for  diodes  of 


Figure  10.  Temperature  dependence  of  the  lasing  wavelength  for  a  diode  of 
wafer  #76  with  cavity  length  1.47mm. 


Rgure  11.  Scheme  of  metallization  for  the  diodes  with  solid  gold 
deposited  on  p-side. 


Figure  12.  Diode  bonded  p-side  down  and  the  distribution  of  spontaneous 
emission  intensity  along  the  mirror  facet.  An  unbonded  diode  is  also 
shown  p-side  up  to  demonstrate  the  stripe  width  in  this  scale. 
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iure  14.  (a)  CW  light-current  characteristic  for  a  diode  of  wafer  #66 
h  L=650Mni.  (b)  Pulse  light-current  characteristic  for  the  same  diode. 
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Figure  15.  Preliminary  results  of  lifetime  testing  for  a  diode  of  wafer 
#66  under  driving  current  810mA  at  .  -om  temperature  (output  power 
50m  W). 
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Table  1.  List  of  wafers  used  for  laser  diode 
fabrication. 
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Table  3.  Spectral  measurements  data. 


r 


SCH 

SCH-SQW 

SCH-OQW 

#66  #76 

#71  #79 

#77 

Xspont.ii,  A 

8660  8180 

8080  8300 

8020 

FWHM,  nm 

40  20 

20  29 

43 

Aepont.  .  A 

8400  8100 

7930  8220 

FWHM,  nm 

55  40 

38  65 

Xgen.  (LC),  A 

8380  7987 

7900  8240 

7850 

Xgen.  (SC),  A 

8310 

8115 

Xspont.|| :  Position  of  spontaneous  emission 

band  maximum  for  radiation 

coupled  out  through  one  of  the  mirrors 

Xspont.  :  Position  of  spontaneous  emission 
band  maximum  for  radiation 

coupled  out  in  the  direction 
perpendicular  to  the  junction  plane. 

A.gen.  (LC)  Position  of  lasing  peak  for  long- 
cavity  laser  diodes. 


Xgen.  (SC)  Position  of  lasing  peak  for  short- 
cavity  laser  diodes. 


InGaAsP  Diode  Laser  for  Nd:YAG  Pumping 

ARPA/US  Army  project  #  DAAH  04-93-G-0044 


Lifetime  Not  tested  Tested  up  to  20  hrs  >1000  hrs 


